Over the past few years, great attention is paid to 2D electron systems that hold helical (spin-momentum locked) electron states induced by spin-orbit interaction (SOI), such as giant-Rashba-split states or topological Dirac states[@b1][@b2][@b3][@b4][@b5]. Suitable Dirac systems are already routinely observed on surfaces of three-dimensional topological insulators. The main concern here is that the corresponding 2D backscattering-protected helical states are desirable to be energetically and spatially well separated from TI bulk states. It is seen as a way to refine on their remarkable characteristics, be it, e.g., the helical spin-polarized transport[@b6][@b7][@b8][@b9][@b10][@b11][@b12] or the Dirac plasmon, which carry spin[@b13][@b14] and, consequently, may lead to charge-spin separation effects expected for thin (about 100 nm) films of a TI[@b15].

Until recently, Rashba systems, which were mainly associated with 2D electron gases of semiconductor heterostructures and as such were extensively studied, e.g., in the context of spin-polarized transport, are inferior to Dirac systems, first and foremost, because of the very small magnitude of the SOI term. Now, the semiconductors BiTe*X* (with *X* = Cl, Br, I) came into focus, because of the sizeable Rashba-type spin splitting of their bulk and surface states[@b4][@b5][@b16][@b17][@b18][@b19][@b20], arising from a strong SOI and the material polarity. In this case, the SOI term is not a weak perturbation with respect to the band kinetic energy anymore.

A promising combination of the 2D Rashba system formed by surface-state electrons of the BiTe*X* surface and the graphene Dirac system has been theoretically proposed in Ref. [@b21], though in this case original graphene Dirac state has no spin-momentum locking. To involve 2D helical Dirac states, one should treat a semi-infinite TI or a TI film as thick as about 10 its structure elements. Thus, we have a situation, when both desired Rashba and Dirac electron systems are provided by surfaces.

However, in contrast to 2D spin-helical Dirac fermions, the 2D Rashba-fermion system with giant spin-orbit splitting can be represented merely by a structure element of BiTe*X*. Owing to three-layered (TL) structure of these compounds with the *X*-Bi-Te stacking within the TL, an ultrathin film of one-TL thickness can be exfoliated from the bulk crystal or grown epitaxially on suitable substrate. Among BiTe*X*, it is BiTeI, which provides us with the biggest Rashba interaction strength *α*~*R*~ ≈ 1.6 eVÅ, as calculated within density functional theory (DFT) (see details in [Supplementary Section S1](#S1){ref-type="supplementary-material"}) for the conduction band of a single TL possessing the band gap of 750 meV \[see [Fig. 1(a)](#f1){ref-type="fig"}\]. Such a strength is half as much as compared to the Te-terminated surface state of BiTeI, but it is still an order of magnitude greater than that in the conventional semiconducting heterostructures.

A desired interplay of Dirac and Rashba fermions can thus be realized by depositing a BiTeI TL on top of a TI. The most geometrically suitable TI in this case is PbSb~2~Te~4~[@b22], whose in-plane hexagonal parameter matches perfectly with the parameter of BiTeI. This TI has a 220 meV calculated indirect band gap hosting the spin-helical Dirac surface state \[see [Fig. 1(b)](#f1){ref-type="fig"}\]. As seen in [Fig. 1(c)](#f1){ref-type="fig"} showing the electronic spectrum of a system composed of *non-interacting* TL and TI, energetically we have the fortunate alignment of the Dirac and Rashba bands within the projected band gap of the bulk PbSb~2~Te~4~; the degeneracy point of the Rashba state lies just a few meV above the Dirac point. Regarding the helicity of the Rashba and Dirac states, in the upper Dirac cone and in the outer Rashba branch the spin locked to the momentum can be in-plane polarized in the same or opposite directions, depending on how the TL is oriented relative to the TI. In that sense, we have two TI-TL interfaces: Te-I (hereafter marked as TII) with the same directions \[as shown in [Fig. 1(c)](#f1){ref-type="fig"}\] and Te-Te (below we refer to it as to TTI) with the opposite directions. Thus, one can expect that the *interacting* picture should vary with the type of interface.

In order to treat the TI-TL interaction properly, we have optimized interface and interlayer distances within the TL for both interfaces with different hexagonal stacking (A-A or A--C, see [Fig. 2(a--d)](#f2){ref-type="fig"}). We have found only a very small difference between their total energies (see [Supplementary Section S1](#S1){ref-type="supplementary-material"}), so that both types of the interfaces can be realized at suitable growth conditions. In the BiTeI\@PbSb~2~Te~4~ heterostructure with Te-Te and Te-I interfaces, the relative position of the Dirac and Rashba states will apparently depend on the interface coupling (see also [Supplementary Section S1](#S1){ref-type="supplementary-material"}).

The layer- and spin-resolved electron energy spectra for both interfaces of the BiTeI\@PbSb~2~Te~4~ heterostructure are shown in [Fig. 2](#f2){ref-type="fig"}. The TTI-AC \[[Fig. 2(e)](#f2){ref-type="fig"}\] does not give evidence of any notable effect of the coexistence of the Rashba and Dirac subsystems. The point is that the local layer stacking at the TTI-AC between the Te-atomic layers, being the same as that between van-der-Waals bonded septuple layers (SL's) in the bulk PbSb~2~Te~4~, and the subsequent atomic layers of the TL prolong effectively this very TI, pulling partly the surface state into BiTeI ([Fig. 2(i)](#f2){ref-type="fig"}). The resulting surface energy spectrum within the projected bulk band gap resembles that of the pristine PbSb~2~Te~4~ with a slightly increased Dirac velocity. [Figure 2(f)](#f2){ref-type="fig"} demonstrates that, as compared with the non-interacting case presented in [Fig. 1(c)](#f1){ref-type="fig"}, at the TTI-AA the Dirac state remains practically intact, but the Rashba state is slightly shifted up so that its degeneracy point lies 83 meV above the Dirac point. Both 2D states retain its spin polarization and spatial localization inherent to the free-standing TL and the pristine TI surface. [Figure 2(j)](#f2){ref-type="fig"} demonstrates quite well spatial separation of the Rashba and Dirac states. We also note that the crossings of the Rashba and Dirac bands with different helicity are not avoided.

Substantially different picture is observed in the case of the TII \[[Fig. 2(g,h)](#f2){ref-type="fig"}\]. First, by changing the stacking order in the TL (from Te-Bi-I to I-Bi-Te), we reverse the direction of the in-plane spin polarization for the Rashba branches. Second, owing to the interface potential bending (see [Supplementary Section S1](#S1){ref-type="supplementary-material"}), the states of TI move up and the states of BiTeI move down resulting in that now the former degeneracy point of the Rashba state lies below the former Dirac point. Upon moving from the TII-AA ([Fig. 2(g)](#f2){ref-type="fig"}) to the TII-AC ([Fig. 2(h)](#f2){ref-type="fig"}) the coupling of Dirac and Rashba fermions becomes stronger and, as shown below, the energy distance between these points increases mainly due to the Dirac point shifting up. Third, owing to avoided crossing of the bands with the same helicity, a gap opens up (highlighted by a yellow stripe in [Fig. 2](#f2){ref-type="fig"}). As a result, below the bulk conduction band emerges a Rashba-like state derived from the inner branch of the former TL-localized Rashba state and the upper Dirac cone. This electron-like Rashba state has the opposite spin helicity in the inner and outer branches. The inner branch is localized in the topmost SL of PbSb~2~Te~4~ and the outer branch is localized in the TL ([Fig. 2(k,l)](#f2){ref-type="fig"}, green and cyan lines, respectively). The lower part of the former Dirac state transforms into a hole-like outer Rashba branch resided just above the top of the TI valence band.

The most prominent feature of the TII spectrum is the gap near the Fermi level, which is of \~100 meV in the case of the A--C interface stacking \[[Fig. 2(h)](#f2){ref-type="fig"}, yellow stripe\]. In this gap, as well as in the pristine TI surface, we have a backscattering-protected helical state only. However, there are various advantages over the TI. Actually, this state originated from the outer branch of the former Rashba state is strongly localized within the BiTeI TL ([Fig. 2(l)](#f2){ref-type="fig"}, pink line), conforming to the 2D nature to a greater extent than the TI surface state does. Due to such a localization, the dielectric screening of the Coulomb interaction between 2D helical fermions caused by surrounding medium becomes notably weaker (the dielectric constant *ε* ≈ (*ε*~TI~ + *ε*~Vacuum~)/2, where *ε*~TI~ = 53 is the dielectric constant of PbSb~2~Te~4~ as found in [Supplementary Section S3](#S1){ref-type="supplementary-material"}). Additionally, within the energy interval corresponding to the gap the helical Rashba-derived state is characterized by the velocity similar to the Dirac state on the pristine PbSb~2~Te~4~ surface, while the momentum and the density of states are several times higher. Further, we will focus on the TTI-AA and TII-AC interfaces only.

In order to investigate single-particle and collective excitations in the interfaces under study, we construct a model Hamiltonian that correctly reproduces the *ab initio* results on the dispersion and spin texture of the respective 2D states. The model Hamiltonian reads

where the parameter Δ determines the coupling between the Dirac (*D*) and Rashba (*R*) 2D subsystems, allowing for hybridization between states of the same helicity only. In [Eq. (1)](#eq1){ref-type="disp-formula"}, the Fu Hamiltonian **H**~*D*~ (without the warping term)[@b23] and the Rashba Hamiltonian **H**~*R*~[@b24] have the form diagonalized by the rotation in spin space generated by *U*~***k***~ = exp\[*iπ*(***σ*** ⋅ **k**)/(4*k*)\] (see e.g. Ref. [@b25]), i.e., . Here, *i* runs over the subsystems *D* and *R*, the energies *E*~*i*~ set the positions of the Dirac and Rashba degeneracy points, *σ*~0~ and ***σ*** = (*σ*~*x*~, *σ*~*y*~, *σ*~*z*~) are the Pauli matrices, *v*~*D*~ = *v*~*D*0~(1 + *γk*^2^) is the Dirac velocity with a second-order correction, and *v*~*R*~ ≡  *α*~*R*~ is the strength of the Rashba spin-orbit interaction.

The Hamiltonian (1), describing the resulting Dirac-Rashba hybrid electron system, is diagonalized, , with energy bands given by

where *s*, *μ* = ±1 and , and with respective wavefunctions composed of two-component spinors , where the normalization constant at Δ = 0. In real space, the wavefunctions have the desired form of with characterizing the localization of the corresponding subsystem in the direction *z* perpendicular to the surface plane. Values for all the model parameters mentioned above are found by fitting the *ab-initio* dispersions in the coupled regime (see [Supplementary Section S2](#S1){ref-type="supplementary-material"}). Within such a model description, we end up with the layer- and spin-resolved band structure shown in [Figs 3](#f3){ref-type="fig"},[4](#f4){ref-type="fig"}. As follows from the figures, the main features of the *ab-initio* spectra presented in [Fig. 2(h,f)](#f2){ref-type="fig"} are nicely reproduced within our model with the proper relative alignment of the Dirac and Rashba degeneracy points. In the case of the TII-AC, because of an avoided crossing of the bands with the same helicity, we have a "gap" of \~100 meV (see the yellow stripe in [Fig. 3](#f3){ref-type="fig"}), where a backscattering-protected helical states appears to be localized predominantly in the Rashba subsystem. In the case of TTI-AA, where only the bands with different helicity cross, a superposition of slightly modified original bands with some mutual shift of the degeneracy points is simulated.

Now, we can take advantages offered by the model in description of single-particle and collective excitations at the interfaces under study. With the energy bands and the respective wavefunctions, we can construct the non-interacting response function of the Dirac-Rashba hybrid electron system, and further, within random phase approximation, the interacting response function can be derived (see details in [Supplementary Section S2](#S1){ref-type="supplementary-material"}). In [Fig. 3](#f3){ref-type="fig"}, we present our results by plotting the electron energy loss function *g*(**q**, *ω*) for the TII-AC. As far as the Fermi energies can be routinely tuned within the bandgap, we considered three distinct Fermi-level positions (see [Fig. 3](#f3){ref-type="fig"}). First, we note that for all the considered Fermi-level positions in the pure Dirac system the plasmon spectrum goes very close to the border of the intraband Landau damping region, owing to a large dielectric constant of PbSb~2~Te~4~. Moreover, the Dirac plasmon free of Landau damping (just with a quite small linewidth due to a finite broadening related to a typical value of the relaxation time *τ*~*r*~ \~ 500 fs[@b26]) appears in far-infrared region, where only optical mode of a TI-thin slab was detected by infrared spectroscopy[@b14]. Further, the plasmon enters into the mentioned damping region and acquires a finite and rapidly diminishing lifetime. With decreasing 2D charge density (*E*~*F*~ = −0.01 eV), the plasmon tends to disappear.

The pure Rashba system, where, nevertheless, 2D electron-electron interaction is modified by the presence of the TI substrate, is characterized by the plasmon spectrum that goes quite far from the border of the intraband damping region ([Fig. 3](#f3){ref-type="fig"}). For *E*~*F*~ = 0.08 eV and 0.20 eV, the undamped plasmon already reaches long-infrared region and just at excitation energies *ω* \~ 0.11 eV and higher hits the border of the SOI-induced interband damping region, whereupon Landau damping occurs. For *E*~*F*~ = −0.01 eV, the wedge, where the plasmon is free of Landau damping, is very small, and, as a consequence, a finite plasmon lifetime is observed already at *ω* \~ 0.01 eV.

As seen in [Fig. 3](#f3){ref-type="fig"}, the Dirac-Rashba hybrid system shows a variety of possible plasmon spectra and the electron-hole-continuum edges generated by shifting the Fermi level. At the Fermi energy above the gap (*E*~*F*~ = 0.20 eV), as a consequence of the presence of two interacting electron subsystems, two modes appear: the optical and acoustic mode. The optical plasmon touches the interband damping region at *ω* \~ 0.07 eV, while the acoustic plasmon is damped, since it lies entirely in the intraband damping region. The wedge with the base attached to the *ω* interval from \~0.12 eV to \~0.18 eV is caused by the presence of the gap. On the whole, the dispersion of the plasmons is merely slightly changed as compared with the Δ = 0 case, when the subsystems are presented by the bands shown by dashed lines in [Fig. 3](#f3){ref-type="fig"} and coupled only electrostatically.

The most attractive case with the position of the Fermi level in the middle of the gap (*E*~*F*~ = 0.08 eV) is characterized by a plasmon branch that lies rather far from the intraband damping region and enters into the region of interband transitions at *ω* \~ 0.10 eV. In this case, the plasmon is free of Landau damping within a quite large part of the *ω* − *q* plane under study. It turns out that by depositing the TL of BiTeI the Dirac plasmon of the pristine PbSb~2~Te~4~ is "pulled out" (see the corresponding loss function for the pure Dirac system) into the long-infrared region.

At the Fermi level below the gap (*E*~*F*~ = −0.01 eV), again the characteristic of two interacting electron subsystems giving two oscillation modes reads clearly. The interesting feature here is the presence of a quite wide *ω* interval (from \~0.06 eV to \~0.14 eV), where, owing to the presence of the gap, for relatively big *q* the optical plasmon has rather small linewidth. Thus, by tuning the Fermi level, one can single out a preferred region of the *ω* − *q* plane, where the collective excitations are well defined.

[Figure 4](#f4){ref-type="fig"} shows the electron energy loss function modeled for the TTI-AA. Here, in the case of the pure Rashba system the Rashba branches are shifted up as they appear in the weakly-coupled regime in order to simplify a comparison with the latter. As a result, it is easily seen that both the plasmon spectrum and the electron-hole continuum, which we have for the Dirac-Rashba hybrid system here, resemble those of merely electrostatically coupled electron subsystems with a damped acoustic plasmon. This means that the TTI-AA can serve as a prototype providing us with a coexistence of Dirac and Rashba fermions, which are well separated without need to use a spacer. Consequently, a simplified theoretical description of the real system can be applied in order to, e.g., probe the Dirac plasmon by examining the optical mode, to study the frictional drag, to analyze possible charge-spin separation effects, etc. (see, e.g., Refs. [@b15],[@b27],[@b28]\]).

Besides showing the loss function *g*, in [Figs 3](#f3){ref-type="fig"},[4](#f4){ref-type="fig"} we plot the real part *σ*~1~ of the optical conductivity (see [Supplementary Section S2](#S1){ref-type="supplementary-material"}), which is practically useful, since it gives an idea about propagation of the plasmon modes. In all cases, at the *ω* → 0 limit the real part has a Drude peak caused by the mentioned finite relaxation time introduced. The figures clearly demonstrate that in the resulting optical conductivity *σ*~1~ the respective Rashba contribution dominates. Nevertheless, there are several extra features caused by inter-subsystem coupling, which also make the hybrid systems practically attractive. For the TII-AC considered in [Fig. 3](#f3){ref-type="fig"}, in the case of *E*~*F*~ = 0.20 eV additional interband transitions notably increase *σ*~1~ for the excitation energy *ω*  0.07 eV, while for the interval from 0.12 eV to 0.18 eV *σ*~1~ is reduced to zero on account of the presence of the gap in the band structure of the hybrid system. At *E*~*F*~ = 0.08 eV, again due to the gap a quite pronounced peak effectively decreasing the plasmon propagation length appears around *ω* \~ 0.10 eV. With *E*~*F*~ = −0.01 eV, on the contrary we see the formation of a gap of ∼0.08 meV in *σ*~1~. Such a gap cuts out the long-infrared region, where the plasmon with rather big momenta has a quite long lifetime. For the TTI-AA, *σ*~1~ can be well approximated by a sum of the real parts *σ*~1~ of the pure Dirac and Rashba subsystems.

Finally, to go further in our study of excitations in the proposed interfaces, we derived a proper expression for the inelastic decay rate Γ within the *G*~0~*W*~0~ approximation. For the case of *E*~*F*~ = 0.08 eV, we calculated the decay rate for quasiparticles in the helical states, which reside within the energy interval (*E*~*F*~ ± 0.04 eV) corresponding to the yellow stripe shown in [Fig. 3](#f3){ref-type="fig"} (see [Supplementary Section S2](#S1){ref-type="supplementary-material"}). In the pure Dirac system, these states belong to the upper Dirac cone, while in the Dirac-Rashba hybrid system we treat the Rashba-derived states. The calculations showed that within the mentioned energy interval in the hybrid system the inelastic decay rate is slightly smaller for excitation energies  eV and tends to be somewhat bigger beyond this range, as compared with respective Γ in the pure Dirac system. On the whole, the resulting Γ in the hybrid system is surprising to be well approximated by the functional dependence of the decay rate on *ω* as was already found for Rashba fermions[@b29]. Actually (see [Supplementary Section S2](#S1){ref-type="supplementary-material"}), the respective decay rate presented as Γ/*E*~*F*~ ∝ *af*(*ξ*) with *ξ* = *ω*/*E*~*F*~ is nicely reproduced by *f*~*R*~(*ξ*) = −*ξ*^2^\[ln (*ξ*/16) − 1/2 − *γ*ln (*γ*/8)\]/(4*π*) all over the examined energy interval with the constant of proportionality *a* = 0.61 for electrons and *a* = 0.73 for holes (here, *γ* = *E*~*α*~/*E*~*F*~ with the Rashba energy ). In the case of the pure Dirac system, the dependence *f*~*D*~(*ξ*) = −*ξ*^2^\[ln (*ξ*/8) + 1/2\]/(4*π*) can be used[@b30]. However, in order to cover all the excitation-energy interval the term −*ξ*^2^/8 should be added to *af*~*D*~(*ξ*) with *a* = 1.04 for electrons and *a* = 1.17 for holes. On the whole, the lifetime of quasiparticles in the Dirac-Rashba hybrid system is as long as \~0.2 ps at the border of the energy interval under study.
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![Spin-resolved electronic structure (red and blue colors denote positive and negative values of in-plane spin, respectively, for mutually perpendicular and directions) of (**a**) free-standing BiTeI trilayer (TL); (**b**) PbSb~2~Te~4~ surface; (**c**) the system of BiTeI TL at distance of ≈7 Å above the PbSb~2~Te~4~ surface modeled by a six septuple-layer (SL) slab. Projected bulk band structure of PbSb~2~Te~4~ marked by brown areas.](srep12819-f1){#f1}

![Interface atomic structure and layer- and spin-resolved electronic structure of BiTeI\@PbSb~2~Te~4~:\
Te-Te interface with the A--C (**a**,**e**) and A-A (**b**,**f**) hexagonal stacking; Te-I interface with the A-A (**c**,**g**) and A--C (**d**,**h**) hexagonal stacking. In panels (**a**--**d**) the lowest Te layer is surface atomic layer of PbSb~2~Te~4~ and next three layers is BiTeI TL. In panels (**e**--**h**) blue and red filled circles denote the clockwise and anti-clockwise spin-momentum locking, respectively, and the violet, orange and brown filled circles denote the localization on the BiTeI TL, the PbSb~2~Te~4~ interface SL and the PbSb~2~Te~4~ free-surface SL, respectively. Spatial distribution of the charge density integrated over *x*, *y* planes, , for localized states within the gap: Te-Te interface with the A--C (**i**) and A-A (**j**) hexagonal stacking; Te-I interface with the A-A (**k**) and A--C (**l**) hexagonal stacking; color of lines corresponds to the squares marked in panels (**e**--**h**).](srep12819-f2){#f2}

![Upper row: Layer- and spin-resolved band structure of the pure Dirac (left) and Rashba (center) subsystems taken separately \[as they appear in Fig. 1(c)\], as well as the Dirac-Rashba hybrid system in the strongly-coupled regime (right) imitating the TII-AC shown in Fig. 2(h). Here, the blue (red) color denotes the clockwise (anti-clockwise) spin-momentum locking and the violet (orange) color denotes the localization on the Rashba (Dirac) subsystem. Dashed lines show the band structure of the Dirac-Rashba system in the decoupled regime (Δ = 0). **Lower rows:** The respective color maps of the electron energy loss function *g* and graphs of the real part *σ*~1~ (in ) of the optical conductivity as obtained for different Fermi energies indicated in the upper panels. Dashed lines show the borders of the particle-hole continuum.](srep12819-f3){#f3}

![Same as in Fig. 3 but for the TTI-AA and for one position of the Fermi level *E*~*F*~ = 0.15  eV.\
Here, as compared with Fig. 1(c) the pure Rashba band is upshifted to coincide with that in the weakly-coupled regime.](srep12819-f4){#f4}
